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Abstract
The  two  complementary  technologies  of  colloidal  upconverting  nano-emitters  and  maskless 
photolithography  are  exploited  to  fabricate  nano-engineered  optically-active  surfaces  for  anti-
counterfeiting  applications  based  on  multipho   ton  absorption  phenomenon  in  lanthanide 1
nanocomposites with a visualization wavelength in the NIR. It  is  demonstrated that  the unique 
optical, thermal, and temporal characteristics of these versatile upconverting surface distinguishes 
them from their counterparts. A unique behaviour that is captured is the ability to actively tune their 
emission color by modifying the pumping power, temperature, and excitation frequency. A new 
low-cost  negative  photoresist  is  employed  for  implementation  of  maskless  photolithography of 
single  and  double-color  labels  using  two  efficient  upconverting  nanocomposites  based  on 
NaYF4:Yb3+,Er3+  and  NaYF4:Yb3+,Tm3+  nano-emitters.  What’s  more,  it  is  shown  that  the 
detectability  of  the  proposed  anti-counterfeiting  approach  can  be  carried  out  using  just  a 
smartphone. Each of the emission peaks of the upconversion nanoparticles is  associated with a 
different multiphoton absorption mechanism and their thermosensitivity varies from one peak to 
another.  Furthermore,  their  photoluminescent  color  changes  by  scanning  the  excitation  beam 
impinging on the surfaces comprised of both upconversion nanoparticles doped in the UV-curable 
resist. Longterm photostability of these surfaces under continuous excitation by a high power laser 
makes them a promising nano-emitters for the next generation of anti-counterfeiting labels
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Introduction
Counterfeit  cash  is  a  worldwide  epidemic,  causing  major  headaches  for  economies  around the 
globe. Countries are losing large amounts of investments annually as a result  of counterfeiting. 
Thus,  developing  advanced  anti-counterfeiting  technologies  as  an  alternative  to  current  anti-
counterfeiting  approaches  is  in  high  demand.  Over  the  past  decades,  Lanthanide-doped 
upconversion  nanoparticles  (UCNPs)  have  found  tremendous  potential  in  applications  such  as 
photoluminescent  materials  since  the  first  observation  of  the  upconversion  phenomenon.  This 
attraction is because of the narrow bandwidth emission in the ultraviolet (UV) and visible (Vis) 
spectrum  under  near  infra-red  (NIR)  excitation.  1,  2,  3  Emission  in  nature  is  dominantly  down 
conversion (DC) where the energy of the emitted photon is smaller than the excitation photon. 
However, in UC emission a high energy photon is created as a result of several low energy photons. 
One of the challenges in dealing with Lanthanide-doped UCNPs is their low quantum yield. In 
1972, NaYF4:Yb3+,Er3+ was introduced as an efficient UC photoluminophore with a green emission.
4  Recently,  NaYF4:Yb3+,Tm3+  has  been  found  to  be  a  high  efficiency  upconversion 
photoluminophore with multiple blue light emission bands. 5, 6, 7 Over the years, different methods 
have  been  successfully  adopted  based  on  thermal  decomposition  for  efficient  synthesising  of 
UCNPs.  8,  9,  10  Lanthanide  ions  (Ln3+)  exhibit  optical  properties  such  as  a  narrow  bandwidth 
emission  as  a  result  of  4f-5d  and  intra-4f  transitions,  anti-Stokes  shift  and  longterm emission 
stability and lifetime. In the Lanthanide ions the 4f electrons are shielded by the filled 5s2 and 5p6 
orbitals, therefore such transitions lead to weak electron-photon coupling and narrow bandwidth of 
Lanthanide-doped UCNPs. Another advantage of the Lanthanide-doped UCNPs is their size and 
environment-independent emission which avoids the creation of a wide spectrum and makes them 
distinctive  from  their  counterparts  such  as  organic  dyes  and  quantum  dots.  This  property  is 
conferred from the fact that the emission wavelength is intrinsically determined by the 4f energy 
levels of the activators which is shielded by the occupied outer orbitals. In addition, the Lanthanide 
ions can emit in both single- and multi-photon excitation regimes where they are able to convert the 
NIR excitation light into Vis and UV emissions. Moreover, they exhibit long lifetimes resulting 
from the low transition probability of parity forbidden transitions. These attractive optical properties 
of  UCNPs have  therefore  attracted  great  interest  for  their  application  in  optical  imaging,  drug 
industries,  food  packaging,  photo-dynamics  therapy,  optical  sensors,  lasers,  solar  cells,  display 
devices, credit cards, and security inks. 11, 12
Traditional anti-counterfeiting technologies, such as radio-frequency identification (RFID), quick 
response (QR) codes, and holography suffer from high cost, easy infringement, and even complex 
manufacturing  processes.  In  the  past,  optically  active  QR  codes  were  developed  based  on 
photoluminophores,  plasmonic  nanoparticles,  and  quantum  dots  in  order  to  overcome  the 
aforementioned  drawbacks13  necessitating  the  access  to  well  established  decoding  procedures. 
However, the lack of longterm photostability, rapid photobleaching, interference of excitation and 
emission due to the small Stokes shift and the wide FWHM of their emission spectrum limits their 
applications.  Instead,  optically  active  security  labels  and  QR  codes  based  on  UCNPs  are  a 
promising candidate.14, 15 Recently, different printing technologies such as inject printing,16, 17 mask 
photolithography, and aerosol jet printing have been used for patterning of the UCNPs.18 Here, we 
integrate the mature science of colloidal UC nano-emitters, fast maskless photolithography together 
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with  low  cost  UV-curable  resist  technologies  to  develop  versatile,  optically  active  and  nano-
engineered security surfaces with the ability of being excited with a 980 nm NIR laser light and 
revealed using nothing more than a  smartphone.  In addition,  the optical,  thermal  and temporal 
characteristics of these optically active surfaces will be investigated and compared for two common 
UCNPs owing to their photostability, unique thermal, temporal and multi-photon characteristics, 
NIR excitation, multi-color emission, hardship in duplicating the UCNPs and NIR sources.
Results and Discussion
The two efficient UCNPs of NaYF4:Yb3+,Tm3+ and NaYF4:Yb3+,Er3+ were synthesized using the 
thermal decomposition method as nano-emitters for the current work.19-26  Their properties were 
thoroughly investigated and compared before any applications. These UCNPs convert a continuous 
NIR light at a single-wavelength to several bands in the UV-Vis optical spectrum. In these UCNPs, 
the NaYF4 host is doped with Yb3+ ions as sensitizer to transfer two or more NIR excitation photons 
to the Tm3+ or Er3+ ions as activator and subsequently emit one photon in the Vis or UV spectrum. 
Yb3+ ions are excellent for transferring energy to Er3+ ions because they have a single excited state 
for accumulating the excitation energy. Upon excitation with a 980 nm NIR diode laser beam, the 
Yb3+ is excited to the higher state of 2F5/2 and non-radiatively transfers its energy to the excited state 
of  Tm3+  or  Er3+  which  subsequently  depopulates  radiatively.  Figure  1a  depicts  the  absorption 
spectrum of the NaYF4:Yb3+,Tm3+ UCNPs. Maximum absorption is located at 978 nm which is 
associated with the absorption band of the Yb3+ sensitizer ions. The wavelength of the excitation 
beam  is  shown  with  a  black  dashed  line  at  980  nm.  A similar  spectrum  was  observed  for 
NaYF4:Yb3+,Er3+ UCNPs. A TEM measurement was performed to acquire information regarding the 
size distribution of the UCNPs. The TEM image of the NaYF4:Yb3+,Tm3+ UCNPs with a maximum 
distribution at 15 nm is presented in the inset of Figure 1a. The TEM images clearly shows the 
nanoscale distribution of UCNPs.
The photoluminescence (PL) spectra of both colloidal solution of UCNPs in Hexane are shown in 
Figure 1b. PL of NaYF4:Yb3+,Er3+ and NaYF4:Yb3+,Tm3+ UCNPs, and the corresponding electronic 
transitions, are indicated in green and blue, respectively. The NaYF4:Yb3+,Er3+ UCNPs appear in a 
green-yellow color when they are excited with the 980 nm laser light and have multiple narrow 
emission bands with peaks at 408 nm, 525 nm, 541 nm, and 654 nm in the visible optical spectrum. 
For these UCNPs, the 2F5/2 state of Yb3+ ions overlaps with the 4I11/2 of Er3+ ions, thus Er3+ ions are 
excited to 4F7/2 by two consecutive energy transfers from Yb3+ ions before transition to 4I15/2 ground 
state takes place. Therefore, the green-yellow and red color emissions correspond to the transitions 
from 2H11/2, 4S3/2 and 4F9/2 states to the ground state of 4I15/2, respectively. PL of NaYF4:Yb3+,Tm3+ 
UCNPs appears in a blue color and have spectral emission bands with peaks at 345 nm, 362 nm, 
451 nm, 475 nm, and 648 nm in the visible spectrum and 694 nm and 800 nm (not shown) in the 
NIR  spectrum.  Emissions  at  345  nm,  362  nm,  and  451  nm  are  associated  with  four-photon 
absorption in 1I6 to 3F4, 1D2 to 3H6, and 1D2 to 3F4 transitions. However, the blue emission at 475 nm 
results from a three-photon transition from the 1G4 state to the 3H6 state. Red emissions are caused 
by a two-photon absorption process.27 Therefore , these two UCNPs can be used to generate green-
yellow, blue, and when they are mixed together white colors as presented in the inset of figure 1b.
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UV-curable resist Loxeal 3020 was used as a new low-cost matrix for patterning of the UCNPs. 
Loxeal  3020  is  transparent  in  the  visible  spectrum and  exhibits  optical  properties  suitable  for 
UCNPs. 38 mg/ml colloidal solutions of UCNPs in hexane were mixed in the resist matrix with a 
volume ratio of  1:2.  It  was then kept  in a  desiccator  for  24 h to remove any solvent.  The PL 
response of both UCNPs excited under different laser powers from 0.1 W to 2.6 W are compared in 
Figures 1c and 1d. The slope of PL intensity versus the laser excitation power for both peaks of 
NaYF4:Yb3+,Er3+ colloidal solution at 541 nm and 654 nm is constant and similar in the measured 
pumping range presented in figure 1c. The green squares are associated with the development of the 
green emission peak at 541 nm and the red circles with the red emission peak at 654 nm. This 
implies the presence of a uniform two-photon process for the measurement peaks. A similar two-
photon absorption behavior was observed for the NaYF4:Yb3+,Er3+ UCNPs doped in the UV-cured 
resist which is not shown here. Inset in figure 1c shows the development of the PL by increasing the 
excitation pump power. Figure 1d shows the PL intensity of NaYF4:Yb3+,Tm3+ UCNPs in both the 
hexane  and  the  UV-cured  resist.  The  blue  circles  are  associated  with  the  development  of  the 
emission peak at 451 nm and green triangles with the emission at 475 nm. It is clear that the slope 
of the graph is not constant over the entire measurement region for the emission at 451 nm, and it 
deviates from a four-photon absorption for low pumping powers in both hexane and photoresist due 
to the insufficient power received for this transition to take place. A similar nonlinear trend was 
recorded for  emission at  475 nm, which presents  a  three-photon absorption process.  PL of  the 
nanocomposites, shown by the half-filled red circles and black triangles, slightly deviate from the 
colloidal UCNPs. Figure 1e shows the corresponding logarithmic graph of figure 1c and 1d. Figure 
1f illustrates the CIE1931 chromaticity diagram of both UCNPs doped in the photoresist matrix. 
Both the x and y coordinate of NaYF4:Yb3+,Er3+ UCNPs increase by raising the excitation pump 
power,  which  are  shown  with  black  dots  on  the  right-hand  side,  while  for  NaYF4:Yb3+,Tm3+ 
UCNPs, which are shown to the left of the figure, the x coordinate decreases and y increases. The 
white arrow demonstrates the color change by raising the excitation power of NaYF4:Yb3+,Er3+ 
UCNPs  and  the  black  arrow indicates  the  color  change  by  increasing  the  excitation  power  of 
NaYF4:Yb3+,Tm3+ UCNPs. 
Figures  2a,  2b,  2c  and  2d  demonstrate  the  thermal  response  of  both  NaYF4:Yb3+,  Er3+  and 
NaYF4:Yb3+,Tm3+ UCNPs doped in the UV-cured resist when they are excited with a 300 mW 
excitation  laser  beam  with  a  cross-section  of  36  mm2.  The  results  show  that  the  PL of  the 
NaYF4:Yb3+,Er3+ UCNPs are highly temperature dependent while the NaYF4:Yb3+,Tm3+ UCNPs 
exhibits minor temperature sensitivity in the UV-Vis range. Figure 2a depicts the change of the PL 
during a temperature variation in the range of 25°C to 75°C. The red triangles represent the peak 
position  of  the  PL of  NaYF4:Yb3+,Er3+  UCNPs  at  408.3  nm associated  with  2H9/2  to  4I15/2 
transition. This remains constant until 40°C and then begins to decrease beyond this temperature. 
The blue triangles depict the peak position of the PL for decreasing the temperature. The overall 
change of intensity is less than 0.1. Figure 2b shows the PL intensity based on temperature for the 
peak at 541 nm associated with 4S3/2 to 4I15/2 transition. For this peak, a larger reduction of the 
PL intensity, in the order of 0.9, is observed. Again, the intensity stays constant until 40°C and 
decreases for higher temperatures up to 75°C. Different intensities were observed for cooling and 
heating, however at 25°C the intensities overlap. A similar behavior was observed for the peak at 
654.4 nm, associated with the 4F7/2 to 4I15/2 transition in figure 2c, however the total change in 
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the intensity was 0.7. This reduction in the PL intensity is attributed to the phonon-assisted de-
excitation at higher temperatures in NaYF4:Yb3+,Er3+ UCNPs. Comparison of the results reveals 
that the peak at 541.1 nm exhibits the largest intensity change in the defined range of temperature 
and is repeatable. It is due to the advantageous thermal behavior of the Er3+ transitions in these 
UCNPs that they are used in nanophotonic thermometry.28-33 An investigation was also carried out 
for the NaYF4:Yb3+,Tm3+ UCNPs in the UV-cured resist and minor variation in the PL intensity 
was observed as presented in figure 2d. The minor increase in intensity at high temperatures is 
attributed to the thermal population of the higher transition state induced by phonons. Figure 2e 
depicts  the  CIE1931 chromaticity  diagram for  both  nanocomposites  when the  temperature  was 
changed.  Changes  associated  with  NaYF4:Yb3+,Er3+  UCNPs  are  more  considerable  than 
NaYF4:Yb3+,Tm3+  UCNPs.  In  the  case  of  the  NaYF4:Yb3+,Er3+  based  nanocomposite,  the  x 
coordinate decreases while the y coordinate increases when the temperature is raised from 25°C to 
75°C. For the NaYF4:Yb3+,Tm3+ nanocomposite there is almost no color change observed.
The long term photostability of the two upconversion nanocomposites was investigated through 
continuous excitation of two samples under 300 mW power and 36mm2 laser cross section for 1 h 
at the room temperature. Figure 3 shows the magnitude of their PL intensities over a time span of 
1h. The blue squares represent the PL of the nanocomposite based on NaYF4:Yb3+,Tm3+ UCNPs at 
451 nm, and the green circles depict the nanocomposite based on NaYF4:Yb3+,Er3+ UCNPs at 541.1 
nm. The black triangles show the excitation laser intensity captured every 5 minutes. PL reduction 
in  the  order  of  9% was  observed  for  the  NaYF4:Yb3+,Er3+  UCNPs.  On the  other  hand,  a  2% 
increase was recorded for the NaYF4:Yb3+,Tm3+ UCNPs for the same time period. These changes 
are attributed to the thermal effects  induced by the excitation laser,  discussed earlier,  since the 
pattern of the observed behavior is consistent with what was measured in the thermal experiments. 
In this figure, intensities can not be compared and are solely used to demonstrate the PL stability. 
Maskless photolithography was used for the fabrication of different transparent patterns onto the 
nanocomposites comprising of UV-curable photoresist doped with UCNP nano-emitters. This is a 
fast, simple, and affordable technique for fabrication of different patterns based on the developed 
nanocomposites. This technique requires fewer steps than conventional photolithography techniques 
since it does not require any preparation of the photomask, and the optical projectors are affordable, 
easily  accessible,  and  the  projection  is  performed  without  any  intermediate  medium.  For  this 
purpose, a Primer 7 was used to modify a clean glass surface and enhance the adhesion of the 
UV-3020-based nanocomposite to the surface. Subsequently, 500 µL of transparent nanocomposite 
was injected onto a clean glass substrate. It was kept for few minutes in a vacuumed desiccator to 
remove  any  created  bubbles  and  allow  the  nanocomposite  spreads  uniformly  over  the  entire 
substrate.
Then the image of the designed pattern was projected onto its surface, which was located 5 cm 
away from the projector, for a time span of 20 s required for photocuring. After the curing, the 
sample was developed by quick washing with an abundant amount of acetone for 1 minute.  The 
sample was then quickly washed with isopropanol at room temperature and dried with a nitrogen 
gun.  The  acetone  dissolves  the  unexposed  area  without  impacting  the  exposed  area.  Different 
techniques have been used by others for the printing of UCNPs. Figure 4 illustrates the maskless 
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photolithography setup relying on an Vivitek-DLP optical projector employed for pattering of the 
upconversion nanocomposite surfaces. 
The detection setup is  shown in figure 5a,  which includes a  980 nm continuous NIR laser  for 
excitation of the UCNPs based nanocomposite surface, a convex lens with a 30 cm focal length for 
focusing the laser beam onto the samples, and a set of perpendicular scanning galvo mirrors for fast 
sweeping of the focused light over the entire sample surface. The sweeping frequency was set by a 
signal generator. The initial spot size of the excitation laser is 36 mm2 that becomes less than 1 mm2 
when it is pinging the samples. Combination of two galvo scanner mirrors enabled the excitation of 
large  area  samples.  A smartphone  was  used  to  capture  the  PL image  of  all  the  samples  in 
combination with a convex lens with a 5 cm focal length. Figure 5b depicts the PL image of a 
portrait of Kharazmi (Al-Khwarizmi), when it was excited with a 1W@36 mm2 laser light, scanned 
with  mirrors  at  a  frequency  of  500  Hz.  In  this  sample,  the  nanocomposite  only  contains 
NaYF4:Yb3+,Er3+  UCNPs.  Low  power  lasers  can  be  used  for  surfaces  comprising  higher 
concentrations of UCNPs. This is important for the commercial applications. Figure 5c and 5d are 
associated with a nanocomposite comprising of a blend of two UCNPs. Interestingly, the QR-code 
sample appeared in a white color in figure 5c when the scanning galvo mirrors were turned off, as it 
was shown earlier in the inset of figure 1b, and switched to a green color when the entire sample 
was scanned with the oscillating mirrors at 1 kHz. We attribute this color tuning pattern to different 
lifetimes of the UCNPs contributing to color generation.34, 35 This is a simple method to switch the 
color  from white  to  green.  Figure  5d  shows  the  blue  PL image  of  the  logo  of  the  Kharazmi 
University containing only NaYF4:Yb3+,Tm3+ UCNPs. Figure 5f is a QR-code image and figure 5h 
is a portrait of Ibn Al-haytham, containing NaYF4:Yb3+,Er3+ UCNPs. Figure 5g illustrates a two-
color image including both UCNPs. In this case, the yellow-colored pattern was first fabricated 
based on the nanocomposite of NaYF4:Yb3+,Er3+ UCNPs and, in the second step after developing it, 
the blue-colored pattern was fabricated based on the NaYF4:Yb3+,Tm3+ UCNPs. The appeared lines 
are the scanning paths of the NIR laser beam. The exciting point about this configuration is that the 
surface is  uniform and the pattern is  unrecognizable until  the laser  beam is  projected onto the 
surface.
Conclusions
There is an ever growing demand to develop advanced counterfeiting surfaces for a wide-range of 
commercial  applications  such  as  currencies,  credit  cards  and  security  labels.  The  drawback  of 
existing methods are the associated high costs, ease of duplication and re-writing. A versatile, fast, 
low-cost  and facile  technology based on the integration of  two complementary technologies  of 
colloidal upconversion nanotechnology and maskless photolithography has been demonstrated for 
the  fabrication  of  nanoengineered  surfaces  for  security  applications.  Two  UCNPs  of 
NaYF4:Yb3+,Er3+  and  NaYF4:Yb3+,Tm3+  were  used  as  green-yellow  and  blue  nanoemitters, 
respectively. The optical, thermal, and temporal behavior of these nanoparticles were investigated to 
identify and validate their unique characteristics for security applications. It was demonstrated that 
the PL color can be changed with booth dynamic and static excitation. Implementation of security 
surfaces were performed in the context of single and double color patterns to prove the functionality 
of the UCNPs.
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Methods
UCNPs Synthesis. For synthesis of NaYF4:Yb,Tm, firstly acetate hydrate salts of Y(1.4 mmol), Yb 
(0.6  mmol)  and Tm (0.01 mmol)  were  mixed with  oleic  acid  and octadecene and heated to  a 
temperature  of  120°C  under  vacuum  conditions  and  then  cooled  down  to  50°C.  A solution 
containing NaOH and NH4F in methanol was added to the mentioned solution and stirred. The 
solution was slowly heated to a temperature of 120°C to evaporate the methanol and then heated at 
a fast rate to 300°C and maintained at this temperature for 1.5 h under argon gas. Afterwards, the 
solution  was  cooled  down  to  room  temperature,  and  the  NaYF4:Yb,Tm  nanoparticles  were 
precipitated by addition of ethanol. They were then collected by centrifugation at 6000 rpm, washed 
with ethanol twice, and re-dispersed in hexane. Synthesis of NaYF4:Yb, Er nanocrystals was the 
same as NaYF4:Yb, Tm nanocrystals  with different concentrations of 20 % and 2 % for Yb, Er, 
respectively. All chemicals were purchased from Sigma-Aldrich and Merck and used without any 
purification.
Instrumentation.  Thorlabs  fiber  optic  spectrometer  CCS10  was  used  for  Absorption  and  PL 
measurements. The power of the laser beam was measured using an Ophire Nova II powermeter. 
MDL-980 from CNI Laser was for used excitation. Zeiss EM900 was used for TEM imaging of the 
UCNPs.
Maskless  Photolithography.  Photolithography  was  performed  using  a  Vivitek   DX263  3500-
Lumen  XGA DLP Projector.  Security  surfaces  were  prepared  by  mixing  38  mg/ml  colloidal 
solutions of each of the UCNPs in the photoresist matrix with a volume ratio of 1:2. Subsequently, 
the nanocomposite was kept in a desiccator for a time span of 24 h to remove its solvent. Glass 
slides were sonicated in acetone and isopropanol solvents and dried using a nitrogen gun. Each 
glass  substrates  was  treated  with  20  μL of  Primer  solution  for  enhancing  the  adhesion  of  the 
photoresist and afterward 500 µL of UV-3020 injected onto the surface. The prepared patterns were 
projected onto the sample for an optimum time span of 20 s and afterward development was carried 
out using an abundance of acetone. Finally the samples were rinsed with isopropanol and dried 
using a nitrogen gun.
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 Figure 1. a) Absorption spectrum of the colloidal solution of NaYF4:Yb3+,Tm3+ UCNPs in Hexane. Inset shows the TEM 
image of NaYF4:Yb3+,Tm3+ UCNPs. b) PL of two UCNPs of NaYF4:Yb3+,Tm3+ in blue color and NaYF4: Yb3+, Er3+ in 
green-yellow color. Inset from top to bottom shows the PL color of NaYF4:Yb3+,Er3+ UCNPs, NaYF4:Yb3+,Tm3+ and their 
mixture. c) PL intensity of NaYF4:Yb3+,Er3+ UCNPs versus excitation pump power for different peaks. Inset shows the 
PL development. d) PL intensity of NaYF4:Yb3+,Tm3+ UCNPs in the hexane and photoresist  versus excitation pump 
power for two blue color peaks. e) Logarithmic plot of PL intensity of NaYF4:Yb3+,Er3+ and NaYF4:Yb3+,Tm3+ UCNPs 
versus excitation pump. f) CIE1931 chromaticity diagram for both UC nanocomposites when the power of excitation 
laser is rising. White arrow is associated with NaYF4:Yb3+,Er3+ UCNPs and the black arrow with NaYF4:Yb3+,Tm3+ 
UCNPs. 
 11
  
Figure 2. a) PL intensity versus temperature variation for NaYF4:Yb3+,Er3+ UCNPs at 408.3 nm. b) PL intensity versus 
temperature variation for NaYF4:Yb3+, Er3+ UCNPs at 541.1 nm. c) PL intensity versus temperature variation for 
NaYF4:Yb3+,Er3+ UCNPs at 654.4 nm d) PL intensity versus temperature for NaYF4:Yb3+,Tm3+ UCNPs at 451 nm e) 
CIE1931 chromaticity diagram shows the color change for two nanocomposites by changing the temperature. 
Figure 3. Long term stability test under 300 mW 
excitation laser beam with a spot size of 36 mm2.
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Figure 4. Maskless photolithography setup for fabrication 
of UCNP-doped security surfaces.
Figure 5: a) Optical setup for excitation and imaging of the patterned UC nanocomposites for security applications. 
b) Portrait of Kharazmi (Al-Khwarizmi) printed using a nanocompsite of NaYF4:Yb3+,Er3+ UCNPs doped in the 
photoresist and recorded by a smartphone. c) A QR-code comprise of a blend of two UCNPs and excited with a static 
excitation laser beam. d) A QR-code comprise of a blend of two UCNPs and excited with a dynamic excitation laser 
beam e) Logo of the Kharazmi University comprised of NaYF4:Yb3+,Tm3+ UCNPs doped in the photoresist. f) A QR-code 
comprised of NaYF4:Yb3+,Er3+ UCNPs doped in the photoresist and captured throughout a convex lens with 5 cm focal 
length. g) A two-color pattern fabricated by a two-step maskless photolithography. h) Portrait of Ibn Al-haytham 
comprised of NaYF4:Yb3+,Er3+ UCNPs doped in the photoresist and captured throughout a convex lens with 5 cm focal 
length.
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